Translation of many cellular and viral mRNAs is directed by internal ribosomal entry sites (IRESs). Several proteins that enhance IRES activity through interactions with IRES elements have been discovered. However, the molecular basis for the IRES-activating function of the IRESbinding proteins remains unknown. Here, we report that NS1-associated protein 1 (NSAP1), which augments several cellular and viral IRES activities, enhances hepatitis C viral (HCV) IRES function by facilitating the formation of translationcompetent 48S ribosome-mRNA complex. NSAP1, which is associated with the solvent side of the 40S ribosomal subunit, enhances 80S complex formation through correct positioning of HCV mRNA on the 40S ribosomal subunit. NSAP1 seems to accomplish this positioning function by directly binding to both a specific site in the mRNA downstream of the initiation codon and a 40S ribosomal protein (or proteins).
INTRODUCTION
Translation of eukaryotic mRNAs commences from AUGs proximal to the 5 0 -end of the transcript through the recruitment of ribosomes around the cap structure (1) or to a specialized RNA element termed an internal ribosome entry site (IRES) (2, 3) . Many proteins that mediate cap-dependent translation have been well studied, and the roles of these proteins (designated canonical translation initiation factors) in translation have been thoroughly investigated. For instance, the cap-binding protein eIF4E (eukaryotic initiation factor 4E), in association with eIF4G and eIF3, participates in recruitment of the 40S ribosomal subunit to the 5 0 -ends of mRNAs (4) . Some canonical translation factors that are involved in cap-dependent translation also participate in IRES-dependent translation. For example, eIF4G, eIF3 and eIF4A are required for the IRES function of picornaviruses, such as poliovirus (PV) and encephalomyocarditis virus (EMCV) (5) (6) (7) . In addition to the canonical translation factors, IRES elements require proteins designated IRES trans-acting factors (ITAFs) for their activities. IRES-enhancing activities of ITAFs have been reported. For instance, La protein, poly(rC)-binding proteins (PCBPs), polypyrimidine tract-binding protein (PTB) and upstream of N-ras (UNR) protein augment PV IRES function (8) (9) (10) (11) (12) . However, the molecular bases of the translational activation by ITAFs have remained obscure. In particular, the relationship between ITAFs and the translational machinery (ribosome) or canonical initiation factors is unclear, although some ITAFs have been suggested to activate IRES function by constructing or stabilizing IRES structures (13) (14) (15) (16) .
Hepatitis C virus (HCV), the major causative agent of virus-related liver cirrhosis and hepatocellular carcinoma in humans, is a positive-sense RNA virus. The 5 0 -untranslated region (5 0 -UTR) and the 5 0 part of the core-coding region of HCV RNA contains an IRES element (17) , which is the most thoroughly investigated of such elements. As such, it serves as a model system for investigating how an IRES element recruits translation machinery (40S ribosomal subunit) and understanding the functions of proteins that enhance IRES activity. The 40S ribosomal subunit binds to the HCV IRES in the vicinity of the initiation codon to yield the 48S complex, and does so without the assistance of canonical or non-canonical initiation factors (18) (19) (20) . The bottom half of stem-loop III, including the pseudoknot structure and the region around the initiation codon, are necessary and sufficient for binding of the 40S ribosomal subunit (19) . However, the 40S ribosomal subunit bound to the HCV IRES is not competent for translation initiation. Canonical translation factors are also required for active translation. For instance, the ternary complex eIF2/GTP/Met-tRNAi is required for precise positioning of the 40S ribosomal subunit at the initiation site. Moreover, eIF3 along with a factor (or factors) present in the 50-70% ammonium sulfate subfraction are required for joining of the 60S ribosomal subunit to the 48S complex (18) . In contrast, some canonical initiation factors, such as eIF4A, 4B, 4E and 4G, are not needed for 80S complex formation on the HCV IRES (18) . Additionally, several ITAFs, including La protein, heterogeneous nuclear ribonucleoprotein (hnRNP) L, NS1-associated protein 1 (NSAP1) and hnRNP D, are known to enhance the activity of HCV IRES (21) (22) (23) (24) ; however, the role of these ITAFs in HCV IRES function remains obscure.
NSAP1 was originally identified as a protein capable of interacting with NS1, a protein of the mouse minute virus (25) . NSAP1 is also known as hnRNP Q (26), a member of the cellular hnRNP family. Previously, we have shown that NSAP1 augments HCV IRES-dependent translation through an interaction with the A-rich region at a site downstream of the initiation codon (24) . We also showed that NSAP1 functions as an ITAF on cellular IRESs in the mRNAs of BiP (immunoglobulin heavy chain-binding protein) and serotonin N-acetyltransferase [arylalkylamine N-acetyltransferase (AANAT)] (27, 28) . However, the molecular mechanism responsible for translational activation by NSAP1 has remained unexplained. Here, we show that NSAP1 enhances HCV IRES-dependent translation by facilitating the formation of a translation-competent 48S complex that is ready to form the 80S complex. Specifically, NSAP1 binds to the A-rich element immediate downstream of the initiating AUG of HCV mRNA, and also associates with the 40S ribosomal subunit through interactions with ribosomal proteins (r-proteins). The results of toeprinting analyses using wild-type (wt) IRES or a mutant (mt) IRES lacking the NSAP1-binding site, led us to conclude that NSAP1 facilitates HCV IRES-dependent translation by assisting the proper positioning of the 40S ribosomal subunit on the HCV mRNA. This is the first report showing that a protein that interacts with an IRES element enhances translation through a direct interaction with the 40S ribosomal subunit.
MATERIALS AND METHODS

Plasmid construction and siRNAs
A Flag-tagged expression construct of NSAP1 (pFlag-CMV2-NSAP1) was generated by treating pSK(À)-NSAP1 with NheI-Klenow-SalI and ligating the resulting fragment into pFlag-CMV2 (Sigma) treated with EcoRI-Klenow-SalI. pCDNA3.1_Fluc(m) was constructed by ligating BamHI-Klenow-NotI-treated pH374F_wt into pCDNA3.1_Fluc treated with AflIIKlenow-NotI. pACR(342-374)F_wt was generated by treating pH374F_wt with Asp718-AccI-Klenow followed by self-ligation. pGEX-4T-3-RpS constructs (RpS2, RpS3a, RpS4, RpS6, RpS8 and RpS15) were constructed by first generating each pSK(À)-RpS as follows: cDNAs corresponding to each RpS were amplified from a cDNA library by PCR using specific primer pairs. The PCR products were then treated with XbaI-BamHI and ligated into XbaI-BamHI-treated pSK(À). Finally, pGEX-4T-3-RpS plasmids were prepared by ligating each BamHI-NotI-treated pSK(À)-RpS into BamHINotI-treated pGEX-4T-3 (GE healthcare). The monocistronic reporters pH374F_wt and pH374F_mt were constructed by ligating the Asp718-KlenowBamHI-treated DNA fragment (nucleotides 18-374 HCV IRES) from pRH374F_wt or pRH374F_mt, respectively, into pRH374F_wt treated with NheIKlenow-BamHI (partial digestion). The construction of plasmids pRH374F_wt, pRH374F_mt, pH374CAT_wt and pH374CAT_mt have been described previously (24) , as have the plasmids pQE31-NSAP1 (24) and pQE31-eIF4A (29) .
Duplex small interfering RNAs (siRNAs) targeting exon 3 of hnRNP Q (nucleotides 768-790) and control siRNA were purchased from IDT Inc. The sequence of the siRNA targeting hnRNP Q and the control siRNA sequence were 5 0 -rGrGrArArCrArGrArTrTrCrTrTrGr ArArGrArArTrTrTrAGC-3 0 and 5 0 -rCrUrUrCrCrUrCr UrCrUrUrUrCrUrCrUrCrCrCrUrUrGrUGA-3 0 , respectively.
Purification of the 40S and 60S ribosomal subunit and recombinant proteins 40S and 60S ribosomal subunits were prepared from HeLa cells (National Cell Culture Centre) as previously described (30) . The method used for purification of recombinant His-NSAP1 and His-eIF4A from Escherichia coli has been described elsewhere (24) . His-NSAP1 and His-eIF4A were dialyzed against HT buffer (16.2 mM HEPES-KOH pH 7.4, 36 mM KCl, 160 mM KOAc, 1.24 mM MgOAc 2 , 1.6 mM DTT, 2.8 mM b-mercaptoethanol).
For the purification of Flag-NSAP1, pFlag-CMV2-NSAP1 was transfected into 293T cells using a calcium phosphate method. At 56 h after transfection, cells were harvested and lysed by treating with lysis buffer (50 mM Tris-HCl pH 7.4, 300 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM b-mercaptoethanol) and briefly sonicating. Samples were centrifuged at 12 000 rpm (13 500 g) for 15 min in a microfuge, filtered with a syringe filter (0.2 mm; Millipore), and then incubated with anti-Flag M2 agarose resin (Sigma) at 4 C for 1 h. The anti-Flag agarose resin was microcentrifuged at 4000 rpm (1500 g) for 2 min and washed three times with lysis buffer. Flag-NSAP1 proteins bound to the agarose beads were eluted by adding elution buffer [150 ng/ml 3Â Flag peptide (SIGMA) in lysis buffer]. Purified Flag-NSAP1 proteins were dialyzed against H100 buffer (10 mM HEPES-KOH pH 7.4, 100 mM KCl, 1 mM MgCl 2 , 0.1 mM EDTA, 7 mM b-mercaptoethanol).
In vitro transcription
The plasmids pRH374F_wt, pRH374F_mt, pH374F_wt, pH374F_mt and pCDNA3.1_Fluc were linearized with NotI and transcribed using T7 RNA polymerase to generate luciferase reporters for in vitro translation. The HCV IRES RNAs (nucleotides 18-374, wt and mt) used in sucrose density gradient analyses of in vitro translation reaction mixtures of rabbit reticulocyte lysates (RRLs) or 293T cell lysates were generated by incubating BamHI-treated (linearized) pH374CAT_wt and pH374CAT_mt DNAs in the presence of [a- 32 P]UTP and T7 RNA polymerase. RNAs used in primer extension assays were generated by in vitro transcription using reactions containing linearized (XbaI-treated) pH374CAT_wt and pH374CAT_mt. The A-rich core-coding region (ACR) RNA used in binding assays (pACRF_wt) was linearized with BamHI and then used in transcription reactions in the presence of [a- 
Sucrose density gradient analyses
Sucrose density gradient analyses of RRL and 293T cell lysates were performed as described previously (31), with minor modifications. In brief, translation reactions (25 ml) using RRL [17.5 ml nuclease-treated RRL, 20 mM amino acids, 4 U RNase inhibitor (Bioprince), 180 mM KCl, 100 nM RNA] or 293T cell lysates (36% 293T lysate, 40 nM RNA, 180 mM KOAc, 18.29 mM HEPES-KOH pH 7.4, 10 mM amino acids, 1.92 mM DTT, 360 mM MgOAc 2 , 770 mM MgCl 2 , 20 mg/ml tRNA, 960 mM ATP, 60 mM GTP, 9.62 mM creatine phosphate, 20 mg/ml CPK, 240 mM spermidine) were incubated at 30 C for 15 min. GDPNP (2 mM) or cycloheximide (CHX) (20 mM) was added to the reaction mixtures in certain experiments, as indicated in the text. The reaction samples were loaded onto 5-20% sucrose gradients and centrifuged at 37 000 rpm (170 000 g) in a SW41Ti rotor (Beckman) at 4 C for 2 h 40 min. Gradients were analyzed using a Brandel gradient density fractionator and an Econo UV monitor (Bio-Rad).
Cell culture and preparation of 293T cell lysates for in vitro translation 293T or HeLa cells were cultivated in Dulbecco's modified Eagle's medium (Gibco BRL) supplemented with 10% fetal bovine serum (JRH). 293T cell lysates were generated by treating 40 dishes (100 mm) of 293T cells with 600 pmol/dish of a control siRNA or a siRNA against NSAP1. After incubating for 56 h, cells were harvested and translation-competent cell lysates were prepared by washing cell pellets three times with ice-cold PBS and then incubating with 1.5 vols of cold hypotonic buffer on ice for 10 min. 293T cells were lysed by homogenization in a small dounce homogenizer (40 strokes), and then centrifuged at 12 000g (11 200 rpm) for 15 min. The supernatant was dialyzed against a buffer containing 10 mM HEPES-KOH (pH 7.4), 90 mM KOAc, 1.5 mM MgOAc 2 and 2.5 mM DTT. Translation reactions using 293T lysates were performed as described previously (23) 
Primer extension inhibition (toeprinting)
Primer extension in RRL was performed as described previously (5), with minor modifications. A primer corresponding to nucleotides 69-86 (5 0 -GCAACTGACTGAAA TGCC-3 0 ) of the CAT-coding sequence was endlabeled with [g-32 P]ATP using T4 polynucleotide kinase (Fermentas). Reaction mixtures were resolved on a 6% sequencing gel, and radioactive signals were monitored using a phosphorimager. Intensity of gel bands was quantified using Image J software.
Detection of ribosome-NSAP1 interactions
For co-migration assays ( Figure 4A ), 20 ml mixtures containing 1.5 pmol 40S or 60S ribosomal subunits and 6 pmol of His-NSAP1 in HT buffer were incubated at 30 C for 20 min. Samples were resolved on a 1% agarose gel, and the RNAs and proteins in the gel were electro-transferred onto a nitrocellulose (NC) membrane for 4 h using a TE42 transfer tank (Hoefer). After blocking non-specific binding of antibodies to the membrane for 20 min, western blotting was performed using a primary antibody against His and a horseradish peroxidase (HRP)-conjugated secondary antibody against mouse IgG. In Supplementary Figure S5A , 20 ml mixtures containing 10 pmol 40S ribosomal subunits and 10 pmol of either His-NSAP1 or His-eIF4A in HT buffer were used for co-migration assays.
For sucrose gradient analyses ( Figure 4B ), 150 pmol His-NSAP1 in HT buffer was incubated with 75 pmol of 40S ribosomal subunits at 30 C for 10 min. The samples were fractionated on 5-20% sucrose gradients as described above, and then methanol precipitated to concentrate proteins. For the NSAP1-ACR interaction study ( Figure 5 ), 140 ml mixtures containing 150 pmol His-NSAP1 and 150 pmol 32 P-labeled ACR RNA in HT buffer were incubated at 30 C for 10 min, and then incubated for an additional 30 C for 10 min in the presence of 75 pmol 40S ribosomal subunit. The sucrose gradient analysis was performed as in Figure 4B .
For GST-pull down assays, GST-fused r-proteins were purified from E. coli and incubated with Glutathione Sepharose 4B resin (GE) at 4 C for 1 h. After washing three times with PBS containing 0.5% Triton X-100, His-NSAP1 was added to each binding mixture, and then incubated for 2 h in the presence of RNase. The resin-bound proteins were washed three times and resolved by SDS-Polyacrylamide gel electoroporesis (PAGE).
Far-western blotting
Far-western blotting was performed as described previously (32) with minor modifications. Purified 40S ribosomal subunits were resolved by SDS-PAGE, transferred onto a polyvinylidene difluoride (PVDF) membrane and then incubated in 5% (w/v) fat-free milk in Tris Buffered Saline-Tween20 (TBST) buffer (25 mM Tris-HCl pH 7.5, 100 mM NaCl, 25 mM NaF and 0.02% Tween-20) to block non-specific protein binding. The membrane was incubated with His-NSAP1 or His-eIF4A (0.7 mg/ml in blocking solution) overnight at 4 C. After gently rinsing to remove unbound proteins, western blotting was performed using primary anti-His and secondary HRP-conjugated anti-mouse IgG antibodies.
Antibodies
The antibodies used in this study were anti-NSAP1 (Sigma, 18E4), anti-RpS6 (Cell Signaling), anti-eIF3b
anti-eIF4G and anti-GST (33) .
RESULTS
NSAP1 augments formation of translation-competent 48S complex
Previously, we reported that NSAP1 augments HCV mRNA translation through a specific interaction with the ACR of HCV mRNA, further showing that a mutation in the ACR ( Figure 1A ) that weakens the interaction with NSAP1 results in reduced translation (24) . To reconfirm this, we generated dicistronic mRNAs consisting of the Renilla luciferase (RLuc) reporter gene, which is translated in a cap-dependent manner, followed by the HCV IRES (including the ACR in the HCV core-coding region) fused in-frame with another reporter gene, FLuc ( Figure 1A ). The efficiency of the mt IRES translation in RRL was reduced by 70% compared with that of the wt IRES ( Figure 1B) . The translational reduction by the mutation is not likely due to an introduction of a rare codon(s) in the mt since translational efficiency of the wt and the mt versions of mRNAs showed similar translation efficiencies when these reporter genes were translated by the cap-dependent scanning mode (Supplementary Figure S1) . Moreover, the reduced translation of the mt was attributed to reduced binding of NSAP1 to the mt RNA since human NSAP1 protein (AAK59705) is highly homologous (99% identical in amino acid sequence) to rabbit NSAP1 protein (XP_002714606.1) and a large quantity of NSAP1 was detected in RRL by western blotting (data not shown).
To determine which translation steps are influenced by the mutation, we performed sucrose density gradient analyses using RRLs and 32 P-labeled RNAs containing the wt or mt IRES ( Figure 1C ). After ultracentrifugation, sucrose gradients were fractionated from top (lowmolecular weight) to bottom (high-molecular weight), and the radioactivity in each fraction was measured. The first peak (48S) represents a mixture of 48S pre-initiation complexes and binary complexes, which are composed of the 40S ribosomal subunit and the HCV IRES RNA without any translation factor (18) , and the second peak (80S) represents 80S initiation complexes. In the absence of chemical treatments that inhibit the translation reaction at a specific stage of translational initiation, the proportion of wt HCV mRNA in the first peak associated with the 48S complex or in the binary complex was smaller than that of mt mRNA ( Figure 1C , compare red and orange lines in the 48S peak; Figure 1D , compare lane 1 with 2). However, under the same conditions, the proportion of wt HCV mRNA in the second peak associated with the 80S complex was about 3-fold greater than that of mt mRNA ( Figure 1C , compare red with orange line in the 80S peak; Figure 1D , compare lane 5 with 6). When GDPNP, a non-hydrolyzable GTP analog that specifically accumulates 48S complex, but not binary complex (31) , was included in the in vitro translation reactions, the amount of complexes in the first peak on the wt HCV IRES was the same as that on the mt HCV IRES ( Figure 1C , compare blue and sky-blue lines; Figure 1D , compare lane 3 with 4). We also monitored the dynamics of the first peak formation to the wt and mt HCV IRESs in the presence of GDPNP since the rate of the formation could be different between the wt and mt HCV IRES. No difference in the time required for the complex formation was observed between the wt and mt HCV IRESs ( Figure 1E and F). These data show that the wt and mt IRES are equally capable of interacting with 40S ribosomal subunit and indicate that NSAP1 does not participate in the association of 40S ribosome on the HCV IRES.
Importantly, when CHX, which induces stalling of the 80S complex by interfering with translocation of the ribosome, was added to the translation mixture, there was a substantial accumulation of the 80S complex on the wt HCV IRES, but about 3-fold smaller accumulation of the 80S complex on the mt HCV IRES ( Figure 1C , compare yellow-green and dark-green lines in the 80S peak; Figure 1D , compare lane 7 with 8). The reduced 80S complex formation on the mt IRES well reflects the translational reduction of the mt HCV IRES (Figure 1B and D). Under these same conditions, the amount of the first peak on the mt IRES was greater than that on the wt IRES ( Figure 1C , compare yellow-green and dark-green lines in the 48S peak). These data strongly indicate that NSAP1 participates in 80S complex formation.
The enhancement of the 80S complex formation by NSAP1 can be acquired by two different mechanisms: NSAP1 may facilitate the formation of translationcompetent 48S complex. Alternatively, NSAP1 may facilitate joining of the 60S ribosome to the 48S complex. The role of NSAP1 in HCV IRES function was further investigated using a primer extension assay with reverse transcriptase known as 'toeprinting', which is suitable for monitoring the status of ribosomes (integrity and quality of translation-initiation complex) on mRNA. The toeprint signal is generated by blockade of the polymerase reaction resulting from association of a ribosome with mRNA or the presence of secondary/ tertiary structure in the mRNA molecule. A specific stage of the ribosome, such as the 48S and 80S complex, can be monitored by measuring the intensities of specific toeprint signals. For example, HCV RNA associated with a 40S ribosomal subunit at the initiation codon, which is translation-competent, showed toeprints at the +16 and +17 positions relative to the initiation codon (Figure 2A , complex II in lanes 3 and 4; lower panel in Supplementary  Figure S2A ) as previously reported (31) . Blocking translation at the 80S complex stage with CHX resulted in a shift of 1 nt, from +16 to +17, in the toeprint pattern (Figure 2A , complex II in lanes 5 and 6), as previously reported (31) . HCV mRNA showed another strong toeprint around the pseudoknot structure located upstream of the initiation codon (Figure 2A, complex I) . The toeprints at complex I reflect HCV mRNAs associated with the 40S ribosomal subunit (as a 48S complex or a binary complex), but inadequately positioned, i.e. 40S ribosomal subunits, in which the initiation codon of the HCV RNA is not correctly positioned at the P-site even though the IRES element is associated with the 40S ribosomal subunit on the solvent side (18,31; upper panel in Supplementary Figure S2A) .
In the absence of a translation inhibitor (Figure 2A,  lanes 1 and 2) , the toeprint intensity of complex II on the mt HCV IRES was slightly lower than that on the wt IRES, which may indicate that more ribosomes are correctly associated with the initiation codon on the wt HCV RNA than on the mt HCV RNA. This difference was greater when stage-specific translation-initiation inhibitors were included in the translation mixtures used for toeprint analyses. The toeprint intensity of complex II on wt RNA was about 3-fold stronger than that on the mt RNA when GDPNP was included in the translation reaction mixture (Figure 2A, lanes 3 and 4; Figure 2B , lanes 9 and 10). Conversely, the toeprint intensity of complex I was stronger on mt RNA than it was on the wt RNA under the same conditions (Figure 2A , lanes 3 and 4; Figure 2B, lanes 3 and 4) . These data indicate that many more ribosomes were correctly positioned on the wt HCV RNA than on the mt RNA, even though similar amounts of ribosomes were associated with HCV IRES. This was true regardless of the existence of NSAP1-binding site, as indicated by the presence of the same first peak, containing the binary complex and the 48S complex, in the sucrose gradient when GDPNP was present in the translation reaction ( Figure 1C , sky-blue and dark-blue lines). Consistent with these observations, a larger amount of 80S complex formed on the wt IRES (as indicated by the +16 and +17 toeprints of complex II) than on the mt when CHX was included in the translation mixture (Figure 2A , lanes 5 and 6; Figure 2B, lanes 11 and  12) . Conversely, a larger amount of complex I was observed on the mt IRES than on the wt IRES (Figure 2A , lanes 5 and 6; Figure 2B, lanes 5 and 6) . Notably, the differences in the toeprints are not attributable to structural changes caused by the mutation because no changes in the toeprints of complexes I and II sites on the mt mRNAs were observed in the absence of translation mixture (Supplementary Figure S2B) . Taken together, the sucrose gradient and toeprint analyses indicate that the ACR, where NSAP1 binds, plays an important role in 80S complex formation by facilitating the correct positioning of the 40S ribosomal subunit at the initiation codon.
We further confirmed the importance of NSAP1 in 80S ribosomal complex formation by testing the effect of NSAP1 depletion from translation mixtures. Translationcompetent cell lysates were prepared from 293T cells or 293T cells transfected with a siRNA against NSAP1 mRNA. This synthetic siRNA, which targets hnRNP Qs including NSAP1 (the smallest isoform of hnRNP Q, indicated by an arrow in Figure 3A and E), reduced the level of NSAP1 by 70% in the NSAP1-knockdown lysate (K/D) compared with the control cell lysate (CON) ( Figure 3A) . Using NSAP1-depleted lysates, translation of HCV mRNA in a monocistronic context was decreased by 60% ( Figure 3B , compare lane 2 with 1). In contrast, translation of a cap-dependent mRNA was not affected by NSAP1 depletion (Figure 3B , compare lane 6 with 5). Translation of the mt RNA, which has mutations at the NSAP1-binding site depicted in Figure 1A , was decreased by 80% in the NSAP1-undepleted lysate ( Figure 3B , compare lane 3 with 1). The level of translation reduction by the mutation in a monocistronic mRNA is similar to that in a dicistronic mRNA shown in Figure 1B . Translation of the mt HCV mRNA was further decreased by the depletion of NSAP1 ( Figure 3B , compare lane 4 with 3). This additional reduction of translation by the NSAP1 depletion might be attributed to a residual NSAP1-binding at the mutated ACR or to a putative NSAP1-binding to an unidentified NSAP1-binding region in the HCV IRES. The effect of NSAP1 on formation of an 80S complex on 32 P-labeled RNA corresponding to HCV IRES (nucleotides 18-374) was monitored by sucrose gradient analyses using NSAP1-depleted and -undepleted lysates, as well as NSAP1-depleted lysates supplemented with purified NSAP1. In translation mixtures treated with CHX, the 80S ribosomal complex on wt HCV IRES was clearly detectable in the presence of NSAP1 (undepleted lysates) ( Figure 3C , red line; Figure 3D , lane 1), but was only marginally detectable in translation mixtures containing NSAP1-depleted lysates ( Figure 3C , yellow line; Figure 3D , lane 2). Importantly, supplementing NSAP1-depleted lysates with NSAP1 proteins purified from mammalian cells ( Figure 3E ) induced a dose-dependent restoration of 80S complex formation on the HCV IRES ( Figure 3C , sky-blue and dark-blue lines; Figure 3D , lanes 3 and 4). The addition of His-NSAP1 purified from E. coli produced a similar effect (Supplementary Figure S4A and  S4B) . On the contrary, the 80S complex formation on mt HCV IRES was not recovered by supplementation of recombinant NSAP1 (Supplementary Figure S3A and S3B). These results indicate that NSAP1 plays a pivotal role in the formation of 80S complexes on the HCV IRES.
NSAP1 associates with the 40S ribosomal subunit
To test whether NSAP1 might associate with the 40S ribosomal subunit through interactions with eIF3, a canonical translation factor needed for HCV IRES-dependent translation, we monitored protein-protein interactions between NSAP1 and eIF3b using a co-immunoprecipitation method. NSAP1 was not co-immunoprecipitated with eIF3b, indicating that these proteins do not interact each other (Supplementary Figure S5B) . On the other hand, eIF3e and eIF4G were co-immunoprecipitated with eIF3b, indicating that these translation factors interact, either directly or indirectly (Supplementary Figure S5B) . Similarly, a yeast two-hybrid system failed to detect protein-protein interactions between NSAP1 and other translation factors (data not shown). These data suggest that NSAP1 does not directly interact with eIF3. We next investigated whether NSAP1 directly interacts with the 40S ribosomal subunit using purified NSAP1 protein and purified 40S ribosomal subunits. NSAP1 protein was purified by affinity chromatography from E. coli producing His-tagged NSAP1, and 40S and 60S ribosomal subunits were purified from HeLa cells using sucrose gradient centrifugation in the presence of 0.5 M KCl, as described by Merrick (34) . Neither translation factors (represented by eIF3b, eIF4GI, eIF4AI, eIF2a, PABP and eIF4E) nor NSAP1 protein was detected in the purified 40S ribosomal subunit preparation (Supplementary Figure S5C) , indicating that 40S ribosomal subunits were cleanly prepared. First, we monitored the interaction of NSAP1 with the ribosomal subunit in an agarose gel (Fig. 4A) . The position of the 40S and 60S ribosomal subunit was visualized by staining ribosomal RNAs with ethidium bromide ( Figure 4A, lanes  1 and 2) . The positions of His-tagged NSAP1 were visualized by western blot analysis with an antibody against the His-tag ( Figure 4A, lanes 3-7) . NSAP1 proteins that were not pre-incubated with ribosomal subunits did not infiltrate the agarose gel ( Figure 4A , lane 3; no NSAP1 band was detected in the agarose gel) and, as expected, the NSAP1 protein was not detected in Figure 4 . NSAP1 directly interacts with the purified 40S ribosomal subunit in vitro. (A) Co-migration of 40S ribosomal subunit and NSAP1 on an agarose gel. Purified His-NSAP1 proteins were incubated with purified 40S or 60S ribosomal subunits and resolved on a 1% agarose gel. The positions of ribosomes and NSAP protein were observed by ethidium bromide staining (lanes 1 and 2) or western blotting with an antibody against the His-tag (lanes 3-7) . (B) Co-migration of the 40S ribosomal subunit and His-NSAP1 in 5-20% sucrose density gradients. After centrifugation, the absorbance of the gradient at 254 nm was monitored using a Bio-Rad EM-1 UV monitor (panel i), and the gradient was fractionated into 11 samples. The presence of proteins in each fraction was monitored by western blotting (panels ii-iv). (C) Detection of NSAP1-interacting r-proteins by far-western blotting. (D) Confirmation of protein-protein interactions by GST-pull down assay using purified GST-fused r-proteins and His-NSAP1. Arrows depict proteins derived from GST-RpS2 and GST-RpS6 in protein purification process. RpS2, RpS4, RpS6 and RpS8 were shown to interact with NSAP1. the purified 40S and 60S ribosomal subunit preparation ( Figure 4A, lanes 4 and 6) . In contrast, NSAP1 proteins co-migrating with the 40S ribosomal subunit were clearly detected in samples containing both NSAP1 and the 40S ribosomal subunit ( Figure 4A, lane 5) . The 60S ribosomal subunit, included as a negative control, did not co-migrate with the His-tagged NSAP1, indicating that the interaction between NSAP1 and the 40S ribosomal subunit is specific ( Figure 4A, lanes 6 and 7) . When a negative control protein eIF4A, instead of NSAP, was incubated with 40S ribosome, it did not co-migrate with the 40S ribosomal subunit (Supplementary Figure S5A) .
The interaction between NSAP1 and the 40S ribosomal subunit was further confirmed by a 5-20% sucrose density gradient analysis using purified 40S ribosomal subunits and His-tagged NSAP1 ( Figure 4B ). Prior to incubation with the 40S ribosomal subunits, NSAP1 proteins were enriched in the upper fraction of the sucrose gradient, corresponding to soluble proteins [ Figure 4B (ii)]. After pre-incubation with purified 40S ribosomal subunits, however, all NSAP1 proteins co-migrated with the 40S ribosomal subunits [ Figure 4B Figure 4B (iv)]. Taken together, the results of agarose gel electrophoresis and sucrose density gradient experiments lead us to conclude that NSAP1 specifically interacts with the 40S ribosomal subunit without the assistance of canonical translation factors.
As an approach to uncover the molecular basis of the interaction between NSAP1 and the 40S ribosomal subunit, we used a far-western assay to test whether the NSAP1 protein interacts with a r-protein (or proteins) ( Figure 4C ). For this experiment, the 40S ribosomal subunit proteins were resolved by SDS-PAGE and then transferred to a PVDF membrane. The transferred proteins were incubated with His-tagged NSAP1 or His-tagged eIF4A (negative control). The positions of NSAP1-or eIF4A-interacting proteins were visualized by western blot analysis using an anti-His antibody. Three or more bands were clearly detectible in His-tagged NSAP1 far-western blots ( Figure 4C, lane 2) . These proteins ( Figure 4C , lane 1) were tentatively identified from a comparison of their mobility with the SDS band patterns of previously reported r-proteins (35, 36) , and their identities were confirmed by MALDI-TOF analyses. Multiple proteins, including RpS2, RpS3a, RpS4, RpS6, RpS8, RpS15 and RpS25, were identified by the MALDI-TOF analyses. No bands were detected in negative controls ( Figure 4C, lanes 3 and  4) . Interactions between NSAP1 and r-proteins were further confirmed using purified r-proteins and NSAP1 in GST pull-down assays. His-tagged NSAP1 was incubated with GST-fused r-proteins in the presence of RNase (to exclude the possibility of RNA-mediated interactions), and protein complexes were then pulled down with a GSH-Sepharose resin. All GST-fused r-proteins were precipitated by the GSH resin, as shown in the lower panel of Figure 4D . A subset of the r-proteins tested-RpS4, RpS8, RpS2 and RpS6-co-precipitated with NSAP1 protein ( Figure 4D, upper panel) . Taken together, these data indicate that NSAP1 directly associates with the 40S ribosomal subunit through protein-protein interactions with r-proteins.
The interaction between NSAP1 and the ACR is relieved by the association of NSAP1 with the 40S ribosomal subunit
We investigated the effect of the 40S ribosomal subunit on the NSAP1-ACR interaction using sucrose density gradient analysis.
32 P-labeled RNA containing the ACR (spanning nucleotides 342-374) of HCV was enriched in sucrose gradient fractions 1 and 2 (top fractions) on a 5-20% sucrose gradient ( Figure 5A ). The addition of 40S ribosomal subunits to the labeled RNA did not change the profile of RNA on the sucrose gradient, indicating that the 40S ribosomal subunit does not directly interact with the ACR (Figure 5A , green dotted line). In contrast, the addition of NSAP1 shifted a portion of ACR RNAs to a heavier fraction (from fractions 1-3) in the sucrose gradient ( Figure 5A, red line) . This shift reflects the association of NSAP1 with the ACR RNA, which is also shown by western blot analysis of NSAP1 [compare Figure 5B(i) with B(iii)] . Surprisingly, addition of 40S ribosomal subunits to the ACR-NSAP1 complex shifted ACR RNA back to the lighter sucrose gradient fraction ( Figure 5A , dotted blue line); under these conditions, NSAP1 co-migrated with the 40S ribosomal subunit in western blots, where no ACR RNA was present [ Figure 5B(iv) ]. The 40S ribosomal preparation was free of NSAP1 before incubation with the ACR-NSAP1 complex [ Figure 5B (ii)]. These results indicate that the ribosome-NSAP1 interaction relieves the ACR-NSAP1 interaction.
DISCUSSION
Many cellular and viral RNA segments have been shown to function as IRES elements, and many cellular proteins (ITAFs), especially specific RNA-binding proteins, are known to enhance various IRES activities. However, the molecular mechanism, by which ITAFs enhance translation, is poorly understood. In particular, how ITAFs recruit translational machinery, including ribosomes and canonical initiation factors, to the IRESs or how an ITAF facilitates a particular step in translation has remained unclear. Here, we provide the first evidence for direct communication between an ITAF (NSAP1) and the translational machinery (40S ribosomal subunit). NSAP1, which binds to a specific region of mRNA (ACR), augments 80S complex formation from the 48S complex by facilitating the correct positioning of the initiation codon of HCV mRNA (Figures 1-3 ) associated with the solvent side of the 40S ribosomal subunit, through direct interactions with the IRES and the 40S ribosomal subunit. Direct binding of NSAP1 with r-proteins RpS2, RpS4, RpS6 and/or RpS8 seems to participate in the interaction between NSAP1 and the 40S ribosomal subunit ( Figure 4C and D) .
By focusing on the role of NSAP1, we can envision the sequential steps in the translation of HCV mRNA ( Figure 6 ). HCV mRNA, which may be pre-associated with NSAP1 ( Figure 6A ), interacts with the solvent side of the 40S ribosomal subunit through the bottom half of stem-loop III, including the pseudoknot structure and the region surrounding the initiation codon of HCV IRES (18, 37) . The association of NSAP1 with the mRNA may occur before or after the interaction between the HCV IRES and the 40S ribosomal subunit. Without the assistance of NSAP1, the majority of the ribosome-associated HCV mRNAs is not properly positioned for translation initiation, as shown in lane 4 in Figure 2A (Steps B and C in Figure 6 ). The interaction(s) between NSAP1 and 40S ribosomal subunit r-protein(s) (RpS2, RpS4, RpS6 and/or RpS8) assists in properly positioning HCV mRNA on the 40S ribosomal subunit for the next step: joining of the 60S ribosomal subunit ( Figure 6D ). According to this model, correct positioning of the initiation codon-containing intervening sequence (between the ribosome-binding site and the ACR) at the 60S ribosomal subunit-binding side of the 40S ribosomal subunit is facilitated by NSAP1-r-protein(s) interactions, as shown in Figure 6D (also compare lanes 3 and 4 in Figure 2A ). In this model, we used the position of the 40S ribosomal subunit protein RpS2 (equivalent to E. coli RpS5), which is located near the mRNA entrance site, because the positions of the other r-proteins (RpS4, RpS6 and RpS8) on the 40S ribosomal subunit are not yet known. Which NSAP-interacting r-protein (or proteins) actually participates in enhancing the translation of HCV mRNA, however, remains unclear (see below). After association of the 60S ribosomal subunit with the 48S complex, NSAP1 dissociates from the mRNA. This dissociation step may be necessary to allow the elongation step of translation to proceed; otherwise, NSAP1 associated with the mRNA could block threading of the mRNA through the mRNA entry site. Interestingly, the interaction of NSAP1 with the 40S ribosomal subunit triggers dissociation of NSAP1 from mRNA, as shown in Figure 5 (step E in Figure 6 ), allowing translational elongation of HCV mRNA. The NSAP1 on the ribosome eventually dissociates from the ribosome and is reused in the next cycle of translation (step F in Figure 6 ). Does NSAP1 enhance translation of other mRNAs by a mechanism similar to that described here? The answer is probably yes. Several viral mRNAs of the virus family Flaviviridae, such as classical swine fever virus (CSFV), bovine viral diarrhea virus (BVDV), border disease virus (BDV) and GB virus-B (GBV-B), which are related to HCV, contain A-rich elements in the core-coding region and 5 0 -UTR structures, similar to those of the HCV 5 0 -UTR (38) (39) (40) (41) (42) (43) . It is likely that NSAP1 functions similarly in these mRNAs through the A-rich elements. NSAP1 might also function in some cellular mRNAs. We found that about 2% of human mRNAs contain an A-rich element (>40% adenosine) $30 nt downstream of the initiation codon (data not shown). It remains to be determined whether translation of these mRNAs is augmented by NSAP1 in a manner similar to that of HCV mRNA.
NSAP1 has been reported to augment translation of some mRNAs containing IRES elements, notably BiP and AANAT mRNAs (27, 28) . The NSAP1-binding sites of these mRNAs reside within the 5 0 -UTRs rather than lying downstream of the initiation codon, as exemplified by the IRES-containing mRNAs of flaviviruses (see above). Considering the position of the NSAP1-binding site, NSAP1 might enhance the translation of BiP and AANAT mRNAs through a mechanism different from the HCV mRNA translational-enhancement mechanism described here. The HCV IRES contains a 40S ribosomal subunit-binding site (the stem-loop III) that is separated from the NSAP1-binding site (ACR), whereas no known 40S ribosomal subunit-binding site exists in BiP and AANAT IRESs. Therefore, the NSAP1 associated with the 5 0 -UTR of BiP and AANAT mRNAs might play a role in recruiting the 40S ribosomal subunit to the IRES elements. This possibility remains to be investigated.
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